Summary: Six young men were exposed to a thermoneutral environment of air temperature (Ta) 20°C for 5 days and nights followed by an acclimation period of 5 days and nights at Ta 35°C and 2 recovery days and nights at Ta 20°e. Electrophysiological measures of sleep, esophageal temperature, and mean skin temperature were continuously monitored. The total nocturnal body weight loss was measured by a sensitive platform scale. Compared with the 5 nights of the baseline period at 20°C, sleep patterns showed disturbances at 35°C. Total sleep time was significantly reduced, while the amount of wakefulness increased. The subjects exhibited fragmented sleep patterns. The mean duration of REM episodes was shorter at 35°C than at 20°C of Ta, while the REM cycle length shortened. In the acclimation period, there was no change in sleep pattern from night to night, despite adaptative adjustments of the thermoregulatory response. The protective mechanisms of deep body temperature occurring with heat adaptation did not interact with sleep processes. Upon return to baseline condition, a recovery effect was observed on a number of sleep parameters which were not significantly affected by the preceding exposure to prolonged heat. This would suggest that during exposure to dry heat, the demand for sleep could overcome that of other regulatory functions that are temperature-dependent. Therefore, a complete analysis of the effect of heat on sleep parameters can be assessed only if heat exposure is compared with both baseline and recovery periods.
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plained by the fact that central thermoregulatory drive is involved in sleep stage distribution (8) . As has been reported in animais (9-il) and in humans 02, i3) there is a decrease in the hypothalamic set temperature during sleep, as well as a slowing down of vegetative functions such as respiration and circulation. All external factors modifying the shift of the hypothalamic set value of homeostatic functions induce sleep disturbances.
In humans, all these observations have been made from exposure to acute hot or cold nights. An abrupt change in air temperature from thermoneutrality at the beginning of the night appears to be a severe stress, inducing marked changes in sleep stages. It is possible that the observed effects are due to a stress component imposed on the subjects and are not specific to the shift of ambient temperature.
In contrast to the several studies performed in acute thermal conditions, little attention has been paid to humans exposed to prolonged heat. During prolonged cold exposure (17 consecutive Arctic winter nights), Buguet et al. (14) reported no large sleep disturbances in subjects using sleeping bags. A similar observation has been made by Palca et al. (1S) on naked subjects exposed to S consecutive nights at 21°C: cold exposure increased wakefulness and decreased sleep stage 2 without any modification of the other sleep stages.
From the data reported above, it appears that in humans, the effects of cold temperature on sleep stage distribution are more important in brief than prolonged exrpsure. It seems plausible that ina prolonged condition, there exist some adaptive mechanisms that could protect sleep. However, it would be unwise to extrapolate the changes in sleep pattern induced by a prolonged cold exposure to heat condition. As shown by Haskell et al. (S) , cold is more disruptive to sleep than heat.
Only one study (16) analyzed the effects of prolonged heat exposure >3 weeks to an ambient temperature of 34°C on the sleep parameters of mice. They found that there was an increase of SWS and of paradoxical sleep, compared with thermo neutral condition (2S°C). However, because ofthe neural organization of brain stem and spinal operative levels, these observations cannot be extended to humans.
The present study was designed to assess the influence of chronic heat exposure (S day and night exposures at 3SoC of air temperature) on the temporal distribution of the sleep stages in humans and to analyze the recovery effects on return to thermoneutrality (20°C). It is held that as heat exposure progresses, there are thermoregulatory adaptive processes leading to a protection of deep body temperature and a diminution of the physiological strain. This is explained by an increase of the sensitivity or the excitability of the thermoregulatory system resulting from a downward shift of the hypothalamic set temperature (17, 18) . Considering the interaction between sleep and thermoregulation, it was interesting to examine whether or not the protective mechanisms of deep body temperature occurring in prolonged heat exposure interacted with sleep processes.
METHODS
Subjects
Six male subjects (20-29 years, 67 ± 8 kg; 1.79 ± 0.03 m) volunteered for the experiment. The subjects gave written consent for participation and were informed about the protocol and the potential risks. After a clinical examination, the subjects were selected from the results of three questionnaires: (a) Bortner's behavior test (19) , (b) morningness-eveningness questionnaire (20) ; and (c) Eysenck Personality Inventory (21) . All the subjects were normally distributed with respect to these different tests. The following criteria were also taken into account: (a) all subjects had established continuous residence in France, (b) the values of body weight to body area ratio did not greatly differ from one subject to another (36.03 ± 1.80 kg . m-2 ), and (c) the subjects had not lived in a hot climate for the previous 8 months.
Procedure
The experiment was performed in a climatic apartment (surface area 70 m 2 ) where the subjects could live continuously in prolonged heat exposure. It was carried out in April and May (outside temperature in the range of 7 -17°C) in two separate sessions (three subjects in each session), during which the subjects lived and slept continuously in the selected thermal condition. In each session the recordings were performed simultaneously on the three subjects. The experimental protocol was divided into three periods:
(a) A baseline period, during which the subjects were exposed to a thermoneutral environment: air (Ta) and wall (Tw) temperatures of20oe, dew-point temperature (Tdp) of 7°e [relative humidity (RH) of 43%] and air velocity (Va) of 0.2 m . s -I. During the day, the subjects wore cotton track suits and tennis shoes. During the night, they slept in pyjamas in a bed, whose covering consisted of two cotton sheets and one wool blanket. This period lasted 5 days and nights: three consecutive 24-h periods followed, 4 days later, by two others performed just prior to the acclimation procedure. During the intermediate 4 days, the subjects lived in their normal housing and undertook their usual activities. The procedure consisting of splitting the baseline period into two blocks of 3 and 2 day-nights, respectively, allowed us to judge the normality of the subjects' behavior and sleep structure. Mterwards, as there was no significant difference in the sleep parameters and physiological recordings between these two blocks, we considered these 5 nights as the baseline period.
(b) An acclimation period of 5 consecutive days and nights spent in a hot environment [Ta = Tw = 3SOe; Tdp = 7°e (RH = 18%); Va = 0.2 m' S-I]. This period began immediately after the last night at thermal neutrality. The air temperature was increased at the time the subjects awakened (0700 h). Because of the thermal inertia of the climatic apartment, the first day of heat exposure can be considered as a transition phase, the selected thermal steady state being reached in 5 h. During the day, clothing consisted of a tee shirt, shorts, and tennis shoes. During the night, the subjects slept wearing only underpants and covered by a cotton sheet.
(c) A recovery period of 2 days and nights spent in the baseline thermal condition immediately following the acclimation period.
All subjects were under the same regimen; they ate standard meals at 0800-0900 h, 1300-1400 h, and 1900-2000 h and drank bottled spring water ad libitum, but the amounts were measured. The subjects went to bed at 2250 h. The light was switched off at 2300 h, and subjects were awakened at 0700 h. Throughout the experiment, the clothing and daily activities of the subjects were strictly controlled by visual observations via closed-circuit television. Subjects were required to avoid naps. During the night, they could be observed with a camera working in very dim light so that they were always under the experimenter's supervision. All ambient parameters were continuously recorded and controlled.
Measurements of physiological variables
Whole-body weight was measured by a sensitive platform balance (± 25 g) just before (2250 h) and after (0710 h) the night period. Whole-body sweat loss (msw) was calculated from body weight measurements.
Esophageal temperature (Tes) was continuously measured by a thermistor introduced into the esophagus through the nose at 36-40 cm beyond the external nasal opening.
Four local skin temperatures were measured by thermistors (KTY 11 2A) sandwiched between two thin copper adhesive ribbons. The thermistors were located on the skin surface according to the sites defined by Ramanathan (22) : right arm, right thigh, right calf, and right pectoral region. The mean skin temperature (fsk) was calculated by using the weighting area factors of Ramanathan. All temperatures were recorded at I-min intervals throughout the entire night.
The sleeping physiological recordings included C3 and F3 electroencephalograms (EEGs) referenced to the opposite mastoid (A2) , right and left electro-oculograms (EOGs) from the outer canthus referenced to the left mastoid (AI), electromyogram of the chin (EMG), and electrocardiogram.
Sleep stages were scored every 30-s period of the night following the recommendations of the APSS manual (23) . Physical parameters such as air temperature and air humidity were continuously controlled and recorded. In the steady-state condition, the ambient temperature changes never exceeded ± 0.5°C from its set point.
Statistical analysis
Three-way analyses of variance (AN OVA) (night exposure-air temperature-subjects) were used for the statistical analysis of individual data. This statistical analysis performed on sleep parameters (duration data, number of sleep stage change, and percentage time data) recorded under baseline and hot conditions, allowed testing of both the effect of air temperature and that of heat adaptation (interaction air temperaturenight exposures) on these parameters. The differences between baseline and recovery nights were tested by a priori t test (24) . These statistical analyses were also used to test the sleep stages as percentages of total sleep time after Arcsin Transformation (<I> = 2 arcsin VX). This transformation was made in order to stabilize the variances before the analysis, as recommended by Winer (25) . Three-way ANOVA (night exposure-air temperature-subjects) was performed on sleep parameters calculated within each third of night of 150 min duration. The sleep latency was removed from the first third segment. A barycentric point, at which half SWS and REM sleep was accumulated, was determined for each of these two sleep stages. These two latter analyses were undertaken in order to study the possibility of an intra-night recovery mechanism. Mean values of data are given with 1 standard deviation, p < 0.01 was accepted as the level of statistical significance. Probability values were reported in the text when the statistical significance ranged between 0.05 and 0.01.
RESULTS
Sweating rate and body temperatures
Individual values of whole-body sweating rates (msw) are plotted against nights of exposure in Fig. 1 . A common response pattern was apparent for all subjects despite marked differences on the magnitUdes of sweating rates (subjects 4 and 5). In baseline conditions, mean values of msw varied from 38 ± 6 to 77 ± 16 g . h -I • m -2. During chronic heat exposure, msw increased within a short period, which did not exceed 3 nights, then declined until the end of heat exposure. The mean changes in msw from baseline levels and across nights were significantly different ( and F 4 ,20 = 4.270; P = 0.012, respectively). These observations feature the effect of heat adaptation on msw. In the 2 recovery nights at 20°C of ambient temperature, msw reached values similar to those observed in baseline conditions (ranging from 59 ± 2 to 61 ± 12g·h-1 ·m-2 ).
The absolute values of mean skin and esophageal temperatures recorded during the nights are shown in Fig. 2 . An increase in body temperatures was observed in the first 2 nights of heat exposure; afterwards, the temperatures reached near-steady-state levels. The mean changes in mean skin and esophageal temperatures (Tes) were significantly higher in the hot condition than in baseline nights (F 149 = 112.885; P < 0.001 and F 1 ,49 = 56.147; P < 0.001, respectively). There was no ~ignificant effect on heat adaptation across nights on these body temperatures. The changes in Yes calculated by differences between the minimal nocturnal Yes values and Yes recorded at the beginning of the night (2300-2310 h) were significantly lower (F 1 ,49 = 11.598; p < 0.001) in the hot conditions (-0.54 ± 0.29°C) than in baseline nights (-0.36 ± 0.16°C). These changes did not depend on heat adaptation, since there was no significant effect of heat adaptation across nights. Interestingly, the sweat rate decline (Fig. 1) , which induces a reduction of the evaporative skin cooling, was never accompanied by significant increases in mean skin temperature. 
Effect of hot condition on sleep parameters
The sleep parameters calculated in baseline, hot, and recovery conditions are shown in Table 1 At Ta = 3SoC, the subjects exhibited fragmented sleep patterns. This was inferred from the tendency to increase the number of shifts to sleep stages 1 (p = 0.037) and 4 (p = 0.037) and by the significantly larger frequency of transient activation phases (P.A.T.) in NREM sleep. These activation phases, previously described by Schieber et al. (26) , are primarily characterized by concomitant and reversible modifications on the electrophysiological records, the main changes being as follows: on EEG, the short replacement of usual activities by fast frequency activities; on EMG, the increase of muscular tone and the occurrence of bursts of muscle potentials on the other records; heart rate increase; and decrease of finger pulse amplitude. Most of the P.A.T. are accompanied by body movements.
Additional measures also revealed disturbances in REM sleep (Table 2 ). At Ta = 3SoC, the mean duration of REM sleep episodes was shorter than at 20°C (p = 0.012). The REM cycle length decreased (p = 0.022), while the number of short interruptions of REM phase by sleep stages 1 or 2 increased (p = 0.020). REM sleep latency remained unchanged.
The values of the barycentric point (Table 1) calculated in SWS and in REM sleep indicated that there was no strong change in the temporal distribution of these two sleep stages as the night progressed. In the hot condition, SWS and REM sleep were delayed by 9 and S min, respectively, but these time delays did not reach statistical significance. This observation was confirmed by the analyses performed on the time spent in SWS and REM sleep within thirds of night. Compared with corresponding periods of night in the baseline condition, there was no significant change in SWS and in REM sleep duration as the night progressed.
The sleep parameters calculated during the S successive nights spent in the hot condition are shown in Tables 3 and 4 . The results of the statistical analysis (three-way ANOVA) performed on individual values of sleep parameters observed in baseline and hot conditions indicated that the interaction "air temperature-night exposures" never reached statistical significance, showing that there was no adaptation of the sleep pattern across the S consecutive nights at 3S°C. Heat acclimation induced an adaptative response of the thermoregulatory system (Fig. 1) without any modification of the temporal distribution of the sleep stages from night to night.
Sleep parameters during recovery period
The aftereffects of continuous heat exposure appeared on several sleep parameters during recovery period (Tables 1 and 2 Sleep stage durations are in minutes. TST, total sleep time; W, wake; L, sleep latency; PAT, frequency of transient activation phase (number/min); BP, barycentric point (min). '" "
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sleep, number of awakenings, and REM sleep latency) were not affected by continuous heat exposure at 35°C but were more or less modified in the recovery period.
The aftereffects of heat exposure on sleep parameters appeared in the 1 st day of the recovery period and persisted in the 2nd one (Tables 1 and 2 ).
The analysis of the remaining sleep parameters that were not tabulated in the present study also led to similar conclusions on the effect of high ambient temperature. Compared with the baseline period, at Ta = 35°C there was an increase of latency to stages 2 and 3, while for sleep stage 4 the latency decreased. However, these data did not reach statistical significance. Finally, for these parameters no significant rebound effect above baseline levels was apparent during the recovery nights.
DISCUSSION
Hot condition and sleep parameters
The results show that compared with the baseline condition, sleep is less efficient at 35°C of ambient temperature. At this temperature, the mean durations of REM episodes and REM cycle length tend to decrease, while the number of short interruptions per REM phase increases. This agrees with the data of Muzet et al. (7) reporting that on subjects sleeping with bedding, REM cycle length decreased when room ambient temperature varied in the range from 13 to 25°C. In addition to the disturbance of REM cycle, REM sleep instability, marked by the increase of short transitions to sleep stages 1 or 2 within each REM phase, can be observed, featuring the interaction between sleep and thermoregulatory mechanisms.
Except for one study (2) showing that the sleep pattern was not affected by high ambient temperature (35-39.5°C), experiments performed on humans under acute thermal conditions do not lead to similar results. It is generally observed that the amounts of SWS and REM sleep are at a maximum in the thermoneutral zone, compared with cold or hot conditions (1, 3, 5) . The discrepancy between data reported by these latter authors and those seen in our study can be explained by the fact that in the acute condition, a rapid transient rise in air temperature from the usual thermal environment at the beginning of the sleeping period can be a severe stress, inducing marked alterations in SWS and in REM sleep that could not be specific to the heat component. In the experimental condition carried out in the present study, this nonspecific stress component acting on sleep structure was reduced, since the rise in air temperature .oj occurred in the morning, i.e., 11 h before the start of the night period. The varied thermal conditions imposed in the different protocols used in the studies reported above may also underlie this discrepancy. As demonstrated by Haskell et al. (5), changes in sleep patterns are greater in cold than in warm conditions. Moreover, in the study by Karacan et al. (3) , the external heat load was obtained by means of a blanket heated by a circulating fluid at a temperature of 49°C, inducing a microclimate air -OJ temperature inside the bed of 39°C. Because of the elevated convective and radiative body heat gains, this thermal load was particularly high and could explain the decreased amounts of SWS and REM sleep described by these authors.
The most striking finding of our study is the fact that there was no adaptation in the sleep pattern from night to night in the hot condition, while an adaptative thermoregulatory process similar to that described in awake subjects (27, 28) was observed. This suggests that the adaptation in peripheral thermoregulatory effector activity (sweating) ,.
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to heat occurs in the presence of a persisting central thermal load error that affects the sleep structure. An explanation may be that mechanisms of heat adaptation do not reduce the sleep disturbances due to the interaction between sleep and thermoregulatory processes. This could be achieved if the mechanisms of heat adaptation do not modify the fall of the hypothalamic set point temperature induced by sleep. From this, the increase of the sensitivity of the thermoregulatory system observed in the first 3 days of heat exposure can be explained only by an increase in the gain of the central controller without any shift of the hypothalamic set point temperature. Such a heat-adaptive mechanism has been previously reported by Libert et al. (29) from studies performed on awake subjects acclimated to acute heat exposures of short duration. Moreover, it is clear that during heat adaptation, local sweat gland training plays also a major role (30) (31) (32) . During prolonged heat conditions, Hofler (33) demonstrated that there was a regional adaptation of the sweat gland activity leading to a redistribution of the local sweating rates towards the limbs. For geometrical reasons, this confers the benefit of a more efficient utilization of the excreted sweat in body cooling, which could explain the largest decrease in esophageal temperature observed in the hot environment compared with the baseline period. These regional adjustments, excluding any action ofthe central controller, could explain why a declined sweat rate can be observed after 3 nights of continuous heat exposure without any corresponding change in mean skin temperature.
The fact that adaptative mechanisms to heat can occur without modification of the hypothalamic set point temperature maintains the interaction between sleep and thermoregulation and could explain why there is no improvement in the sleep pattern from one night to another.
Sleep parameters and recovery period
The data obtained in the recovery period show that some sleep parameters exhibited aftereffects of heat exposure despite the fact that no statistical difference was seen between 35°C and baseline. Total sleep time, the amount and number of waking episodes, and the number of transitions to sleep stages 3 and 4 differed from baseline levels. Only the reduction of total sleep time and the increment of wakefulness induced by heat load were followed by a compensatory rebound after return to thermoneutrality.
Contrary to previous results observed on cats (34) in prolonged cold exposure, no statistically significant compensatory rebound in REM sleep was found during the recovery period. In the present experiment, the REM sleep deprivation occurring during continuous heat exposure was not great enough to induce a cumulative REM sleep debt (in the hot condition, the duration of REM sleep was reduced by only 8.3% below the mean baseline value). As demonstrated in animals by Parmeggiani and Rabini (34) , a recovery effect in REM sleep is observed only when the mean total duration of this sleep stage falls below 30% of control values recorded at thermoneutrality. As would be expected, the number of sleep stage 4 episodes, which tend to increase at Ta = 35°C, did not fall in recovery nights but increased above the levels observed in the baseline condition. In the same way, the number of sleep stage 3 episodes increased on return to thermo neutrality. A similar finding can be observed for the mean durations of sleep stages 3 and 4 (increases of 22 and 12% above baseline levels, respectively). 
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It may be that in the hot condition, neurochemical functions, which are temperaturedependent, are affected. However, the demand for sleep overcomes that of these functions, and no heat effect can be found. This suggests protective adjustments of sleep, which prevail over those of some regulatory functions. As a consequence, in the recovery period, a compensatory effect featuring the disappearance of the inhibitory action of heat can be revealed. A similar explanation may hold for some other sleep parameters for which a recovery effect was observed while no significant effect of heat exposure appeared.
In conclusion, the results show that during the exposure to continuous heat, at 35°C of air temperature, there is no adaptation of the sleep stage distribution across nights despite the adaptation of thermoregulatory processes. This can be explained by the fact that changes induced at the level of the central controller are not great enough to improve the sleep stage distribution. A complete analysis of the effect of heat on the different sleep stages can be made only if values observed during heat exposure are compared with those seen in baseline and those obtained in recovery periods, since some effects of heat on sleep are revealed only afterwards.
